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Abstract 31 
Gonadotropin-inhibitory hormone (GnIH) belongs to a family of vertebrate neuropeptides with a C-32 
terminal PxRFamide motif, which exert effects by activating the G-protein coupled receptors 33 
NPFF1 and/or NPFF2.  Comparative genomics has revealed that orthologs of NPFF1/NPFF2-type 34 
receptors occur throughout the bilateria and the neuropeptide ligand that activates the Drosophila 35 
NPFF1/NPFF2-type receptor has been identified as AYRKPPFNSIFamide (“SIFamide”). Therefore, 36 
SIFamide-type neuropeptides, which occur throughout protostomian invertebrates, probably share a 37 
common evolutionary origin with vertebrate PxRFamide-type neuropeptides. Based on structural 38 
similarities, here SALMFamide neuropeptides are identified as candidate ligand components of this 39 
ancient bilaterian peptide-receptor signaling system in a deuterostomian invertebrate phylum, the 40 
echinoderms (e.g. starfish, sea urchins). Furthermore, functional studies provide evidence that 41 
PxRFamide/SALMFamide/SIFamide-type neuropeptides have evolutionarily conserved roles in 42 
regulation (typically inhibitory) of reproductive processes. 43 
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 Thirty years ago the pentapeptide LPLRFamide was identified in extracts of chicken brain 46 
on account of its immunoreactivity with antibodies to the molluscan cardioexcitatory neuropeptide 47 
FMRFamide [5]. It was the first FMRFamide-like immunoreactive peptide to be discovered in a 48 
vertebrate species. Discovery and functional characterisation of an N-terminally extended homolog 49 
of LPLRFamide from quail brain (SIKPSAYLPLRFamide) revealed that this peptide acts as a 50 
gonadotropin-inhibitory hormone (GnIH) by inhibiting pituitary gonadotropin release [37, 39]. 51 
 Avian GnIH is derived from a precursor protein that contains two other related peptides, 52 
GnIH-RP1 and GnIH-RP2, which share with GnIH the C-terminal motif LPxRFamide (where x is L 53 
or Q) [35]. GnIH-like neuropeptides with the C-terminal motif LPxRFamide have also been 54 
identified in humans and other mammals [17, 23] and evidence that these peptides suppress 55 
reproductive activity in mammals has also been obtained [1]. The receptor that mediates effects of 56 
GnIH-type neuropeptides has been identified as the G-protein coupled receptor GPR147 or NPFF1 57 
[2, 23, 29]. Furthermore, consistent with the physiological actions of GnIH, NPFF1 is expressed in 58 
the hypothalamic-pituitary axis as well as in other brain regions [14, 38]. A paralog of the GnIH 59 
receptor, GPR74 or NPFF2 [2, 13, 29], is activated by two RFamide-type neuropeptides (NPFF and 60 
NPAF; [44]) that are derived from a different precursor protein to GnIH-like neuropeptides but 61 
which have a C-terminal motif (PQRFamide) similar to GnIH [32, 43]. The NPFF2 receptor is 62 
expressed in several regions of the central nervous system, including the dorsal horn of the spinal 63 
cord, and consistent with its expression in the dorsal horn, NPFF and NPAF attenuate morphine-64 
induced anti-nociception in mammals [2, 43, 44].  65 
 Sequencing of the genome of the insect Drosophila melanogaster revealed a gene 66 
(CG10823) encoding an NPFF1/NPFF2-like receptor [16] and the endogenous ligand for this 67 
receptor has been identified as SIFamide, an amidated dodecapeptide (AYRKPPFNGSIFamide) [3, 68 
18, 20]. Furthermore comparative analysis of genome sequence data has revealed that SIFamide-69 
type peptides are also present in a variety of protostomian invertebrates (arthropods, nematodes, 70 
molluscs, annelids) and are derived from a family of orthologous precursor proteins [19, 26, 41, 42]. 71 
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It is noteworthy that the sequence similarity shared between protostomian SIFamide-type 72 
neuropeptides and GnIH/NPFF-type neuropeptides is limited to a C-terminal Phe-NH2 motif. 73 
However, because the Drosophila SIFamide receptor is an ortholog of vertebrate NPFF-type 74 
receptors, it has been proposed that protostomian SIFamide-type neuropeptides and vertebrate 75 
GnIH/NPFF-type neuropeptides may share a common evolutionary origin as ligand components of 76 
an ancient bilaterian peptide-receptor signaling system [19, 26]. 77 
 Further insights on the evolution and diversification of GnIH/NPFF/SIFamide-type 78 
neuropeptide signaling could be obtained by identifying related peptides in deuterostomian 79 
invertebrates. Recently, two precursors of GnIH/NPFF-like neuropeptides have been identified in 80 
the invertebrate chordate Branchiostoma floridae (sub-phylum Cephalochordata) [26, 33]. One of 81 
these precursors (XP_002596281) comprises five putative neuropeptides that have a C-terminal 82 
motif PxRFamide. The other precursor (XP_002609543) contains nine putative neuropeptides, 83 
seven of which have a GnIH-like C-terminal LRFamide motif.  Thus, the evolutionary origin of 84 
GnIH/NPFF-like peptides can be traced back to the common ancestor of the chordates. 85 
 What is now needed to “bridge the gap” between chordate GnIH/NPFF-type neuropeptides 86 
and protostomian SIFamide-type neuropeptides are data from non-chordate deuterostomes (i.e. 87 
echinoderms and/or hemichordates). Here I have addressed this issue by comparing the sequences 88 
of chordate GnIH/NPFF-type neuropeptides and protostomian SIFamide-type neuropeptides with 89 
the sequences of neuropeptides that have been identified in echinoderms [6, 7, 34]. 90 
 No neuropeptides that have a PxRFamide motif were identified in echinoderms. Importantly, 91 
however, members of the echinoderm SALMFamide neuropeptide family [7] were found to share 92 
sequence similarity with several protostomian SIFamide-type neuropeptides. Thus, echinoderm 93 
SALMFamide neuropeptides have a C-terminal SxLxFamide motif (L-type SALMFamides) or 94 
SxFxFamide motif (F-type SALMFamides) and SIFamide-type neuropeptides with an L-type 95 
SALMFamide motif are present in the mollusc (limpet) Lottia gigantea (GINPDMSSLFFamide; 96 
[41]) and in the annelid (polychaete) Capitella telata (DPLEDHLPETSGLFFamide; [42]). To 97 
 5 
further investigate a potential relationship between echinoderm SALMFamides and chordate 98 
GnIH/NPFF-type neuropeptides and protostomian SIFamide-type neuropeptides, representative 99 
peptide sequences for each of these three types of neuropeptides were aligned C-terminally (Fig. 1). 100 
This revealed that three SIFamide-type neuropeptides in the nematode Caenorhabditis elegans have 101 
the C-terminal sequence SGGMYamide, which is structurally similar to the echinoderm 102 
SALMFamides. Similarly, one of the NPFF-like peptides in Branchiostoma floridae has the C-103 
terminal sequence SPNRFamide, which also shares sequence similarity with echinoderm 104 
SALMFamides. Furthermore, as highlighted above, seven predicted Branchiostoma floridae 105 
neuropeptides have a GnIH-like LxFamide motif, which is also a feature of L-type SALMFamides 106 
[7]. Lastly, another shared feature of several GnIH/NPFF-type neuropeptides, SALMFamide 107 
neuropeptides and SIFamide-type neuropeptides are one or two proline residues located in the N-108 
terminal region of these peptides (Fig. 1). Thus, there are a variety of structural characteristics 109 
shared between echinoderm SALMFamide neuropeptides, chordate GnIH/NPFF-type neuropeptides 110 
and protostome SIFamide-type neuropeptides that lend support to the notion that these peptides may 111 
all be derived from a common ancestral peptide signaling system. Furthermore, these findings 112 
provide a basis to investigate NPFF/SIFamide-type receptors in echinoderms as mediators of the 113 
effects of SALMFamide neuropeptides. 114 
 It is noteworthy that by comparison with just four GnIH/NPFF-type neuropeptides in 115 
humans and a single SIFamide in Drosophila, there are fourteen GnIH/NPFF-type neuropeptides 116 
derived from two precursor proteins in the invertebrate chordate Branchiostoma floridae (Fig. 1; 117 
[26, 33]). This may be associated with the occurrence of a remarkably expanded family of thirty-six 118 
NPFF1/NPFF2-type receptors in Branchiostoma floridae [26]. Interestingly, a similar expansion of 119 
NPFF1/NPFF2-type receptors (twenty-seven) has recently been reported in the hemichordate 120 
Saccoglossus kowalevskii [21]. Putative ligands for these receptors have as yet not been identified 121 
in hemichordates [26] but the occurrence of sixteen SALMFamide neuropeptides derived from two 122 
precursors in the starfish Patiria miniata (Fig. 1; [7]) may reflect a similar expansion of 123 
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NPFF1/NPFF2-type receptors in echinoderms. Thus, it appears that the existence of expanded 124 
families of GnIH/NPFF/SALMFamide-type neuropeptides and an apparently correlated expansion 125 
of the gene repertoire encoding NPFF1/NPFF2-type receptors may be a general feature of 126 
deuterostomian invertebrates.  127 
 Identification of a putative relationship between echinoderm SALMFamide neuropeptides, 128 
protostomian SIFamide-type neuropeptides and chordate GnIH/NPFF-type neuropeptides based on 129 
sequence similarities provided a basis to investigate similarities in the physiological roles of these 130 
neuropeptides. As highlighted above, GnIH has an important role in reproductive physiology, 131 
inhibiting release of gonadotropic hormones from the pituitary and inhibiting hypothalamic release 132 
of gonadotropin-releasing hormone (GnRH) [39]. Is there evidence that SIFamide-type 133 
neuropeptides and/or SALMFamide neuropeptides are similarly involved in regulation of 134 
reproductive physiology/behaviour in protostomes and echinoderms, respectively? 135 
 In Drosophila the SIFamide precursor gene is expressed in four neurons located in the pars 136 
intercerebralis, a neuroendocrine gland in insects that is functionally, and possibly evolutionarily, 137 
homologous to the hypothalamus [15]. Thus, here there are parallels with hypothalamic expression 138 
of GnIH in vertebrates [39]. Interestingly, ablation of the four SIFamide-expressing cells or RNAi-139 
mediated knockdown of SIFamide expression in these cells results in flies that are promiscuous: 140 
“males perform vigorous and indiscriminant courtship directed at either sex, while females appear 141 
sexually hyper-receptive” [36]. Thus, it is proposed that SIFamide acts physiologically to inhibit 142 
sexual behaviour [36]. This striking similarity with the physiological role of GnIH in birds and 143 
mammals provides powerful supporting evidence that GnIH and SIFamide are orthologous peptides 144 
with evolutionarily conserved physiological roles that may date back to the common ancestor of 145 
bilaterians. 146 
 Further evidence of a conserved role for SIFamide-type neuropeptides in regulation of 147 
reproductive processes can be found in experimental studies on a molluscan species, the pond snail 148 
Lymnaea stagnalis. SIFamide-type neuropeptides were first reported in insects in 1996 [18] but 149 
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prior to this a neuropeptide with the amino-acid sequence GLTPNMNSLFFamide was identified in 150 
Lymnaea and named neuropeptide FF on account of the C-terminal pair of phenylalanine residues 151 
(FF) [22]. With the identification of precursors of SIFamide-type precursors in molluscan species 152 
[41] it became apparent that Lymnaea neuropeptide FF is in fact a member of the protostomian 153 
SIFamide-type neuropeptide family. Furthermore, it is interesting that Lymnaea neuropeptide FF 154 
was originally isolated on account of its in vitro pharmacological effect in causing an enhancement 155 
in the contraction frequency and contraction amplitude of the vas deferens in this species. Thus, 156 
again we see evidence of a conserved physiological role for SIFamide-type neuropeptides in 157 
regulation of reproductive processes. In this case the effect is stimulatory, which contrasts with the 158 
inhibitory effects of GnIH in birds and mammals [39] and the inhibitory of effect of SIFamide on 159 
Drosophila [36]. However, comparison of physiological actions here is complicated by the fact that 160 
Lymnaea is a hermaphrodite species and therefore neuropeptides may have counteracting effects of 161 
male and female reproductive systems. For example, like neuropeptide FF, the vasopressin-type 162 
neuropeptide “conopressin” induces muscular contractions of the vas deferens in Lymnaea, but it 163 
also inhibits central neurons that control female reproductive behavior [40]. Accordingly, perhaps 164 
SIFamide-type neuropeptides also have inhibitory effects on female reproductive behaviour in 165 
Lymnaea. 166 
 What about SALMFamide neuropeptides? Is there any evidence that SALMFamides 167 
regulate reproductive processes in echinoderms? The first SALMFamides to be identified were the 168 
starfish neuropeptides SALMFamide-1 (S1) and SALMFamide-2 (S2), which were both isolated 169 
from the starfish species Asterias rubens and Asterias forbesi [10, 11]. Immunocytochemical 170 
analysis of the expression S1 and S2 in Asterias rubens revealed a widespread pattern of expression 171 
in nerve fibres associated with a variety of neuromuscular organs, including the cardiac stomach, 172 
tube feet and apical muscle [9, 30, 31]. Accordingly, in vitro pharmacological studies have revealed 173 
that both S1 and S2 cause dose-dependent relaxation of cardiac stomach, tube foot and apical 174 
muscle preparations in vitro [8, 9, 24, 25]. Furthermore, there is evidence that SALMFamides have 175 
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a general role as muscle relaxants throughout the echinoderms [4, 8, 12]. However, in addition to 176 
inhibitory effects on muscle, there is also evidence that SALMFamides have a physiological role in 177 
suppression of reproductive activity. Gamete release in starfish is triggered by a neuropeptide 178 
hormone that is known as gonad-stimulating substance (GSS), which was recently identified as 179 
dimeric peptide related to the mammalian hormone relaxin [28]. Furthermore, in vitro experiments 180 
have revealed that the starfish SALMFamide neuropeptide S1 inhibits potassium-induced release of 181 
GSS from radial nerve cords in the starfish Asterina pectinifera [27]. Thus, as with GnIH in 182 
vertebrates and SIFamide-type neuropeptides in protostomes, these findings are supportive of the 183 
notion that SALMFamides inhibit reproductive processes in echinoderms. 184 
 In conclusion, the findings presented here support the notion that GnIH, SALMFamides and 185 
SIFamides belong to a bilaterian family of neuropeptides that have evolutionarily ancient and 186 
conserved physiological roles in regulation of reproductive activity. It should be noted, however, 187 
that these neuropeptides are not only involved in regulation of reproductive physiology, as is 188 
evident in the effects of PxRFamides in attenuating morphine-induced anti-nociception in mammals 189 
[44] and the muscle-relaxing effects of SALMFamides in echinoderms [8]. Nevertheless, it is 190 
effects on reproductive processes that provide a unifying functional perspective on this family of 191 
neuropeptides as well as a basis for further investigation of roles in regulation of reproductive 192 
physiology throughout the bilateria.193 
 9 
References 194 
[1] G.E. Bentley, K. Tsutsui, L.J. Kriegsfeld, Recent studies of gonadotropin-inhibitory 195 
hormone (GnIH) in the mammalian hypothalamus, pituitary and gonads. Brain Res. 1364 196 
(2010) 62-71. 197 
[2] J.A. Bonini, L.K. Jones, N. Adham, C. Forray, R. Artymyshyn, M.M. Durkin, et al., 198 
Identification and characterization of two G protein-coupled receptors for neuropeptide FF. 199 
J Biol Chem. 275 (2000) 39324-39331. 200 
[3] J.V. Broeck, Neuropeptides and their precursors in the fruitfly, Drosophila melanogaster. 201 
Peptides. 22 (2001) 241-254. 202 
[4] L. Díaz-Miranda, J.E. García-Arrarás, Pharmacological action of the heptapeptide 203 
GFSKLYFamide in the muscle of the sea cucumber Holothuria glaberrima 204 
(Echinodermata). Comp Biochem Physiol C Pharmacol Toxicol Endocrinol. 110 (1995) 205 
171-176. 206 
[5] G.J. Dockray, J.R. Reeve, Jr., J. Shively, R.J. Gayton, C.S. Barnard, A novel active 207 
pentapeptide from chicken brain identified by antibodies to FMRFamide. Nature. 305 208 
(1983) 328-330. 209 
[6] M.R. Elphick, The protein precursors of peptides that affect the mechanics of connective 210 
tissue and/or muscle in the echinoderm Apostichopus japonicus. PLoS One. 7 (2012) 211 
e44492. 212 
[7] M.R. Elphick, S. Achhala, N. Martynyuk, The evolution and diversity of SALMFamide 213 
neuropeptides. PLoS One. 8 (2013) e59076. 214 
[8] M.R. Elphick, R. Melarange, Neural control of muscle relaxation in echinoderms. J Exp 215 
Biol. 204 (2001) 875-885. 216 
[9] M.R. Elphick, S.J. Newman, M.C. Thorndyke, Distribution and action of SALMFamide 217 
neuropeptides in the starfish Asterias rubens. J Exp Biol. 198 (1995) 2519-2525. 218 
[10] M.R. Elphick, D.A. Price, T.D. Lee, M.C. Thorndyke, The SALMFamides: a new family of 219 
neuropeptides isolated from an echinoderm. Proc Biol Sci. 243 (1991) 121-127. 220 
[11] M.R. Elphick, J.R. Reeve, Jr., R.D. Burke, M.C. Thorndyke, Isolation of the neuropeptide 221 
SALMFamide-1 from starfish using a new antiserum. Peptides. 12 (1991) 455-459. 222 
[12] M.R. Elphick, M.C. Thorndyke, Molecular characterisation of SALMFamide neuropeptides 223 
in sea urchins. J Exp Biol. 208 (2005) 4273-4282. 224 
[13] N.A. Elshourbagy, R.S. Ames, L.R. Fitzgerald, J.J. Foley, J.K. Chambers, P.G. Szekeres, et 225 
al., Receptor for the pain modulatory neuropeptides FF and AF is an orphan G protein-226 
coupled receptor. J Biol Chem. 275 (2000) 25965-25971. 227 
[14] C. Gouarderes, I. Quelven, C. Mollereau, H. Mazarguil, S.Q.J. Rice, J.M. Zajac, 228 
Quantitative autoradiographic distribution of NPFF1 neuropeptide FF receptor in the rat 229 
brain and comparison with NPFF2 receptor by using [I-125]YVP and [I-125]EYF as 230 
selective radioligands. Neuroscience. 115 (2002) 349-361. 231 
[15] V. Hartenstein, The neuroendocrine system of invertebrates: a developmental and 232 
evolutionary perspective. J Endocrinol. 190 (2006) 555-570. 233 
[16] R.S. Hewes, P.H. Taghert, Neuropeptides and neuropeptide receptors in the Drosophila 234 
melanogaster genome. Genome Res. 11 (2001) 1126-1142. 235 
[17] S. Hinuma, Y. Shintani, S. Fukusumi, N. Iijima, Y. Matsumoto, M. Hosoya, et al., New 236 
neuropeptides containing carboxy-terminal RFamide and their receptor in mammals. Nat 237 
Cell Biol. 2 (2000) 703-708. 238 
[18] I. Janssen, L. Schoofs, K. Spittaels, H. Neven, J. Vanden Broeck, B. Devreese, et al., 239 
Isolation of NEB-LFamide, a novel myotropic neuropeptide from the grey fleshfly. Mol Cell 240 
Endocrinol. 117 (1996) 157-165. 241 
[19] G. Jekely, Global view of the evolution and diversity of metazoan neuropeptide signaling. 242 
Proc Natl Acad Sci U S A. 110 (2013) 8702-8707. 243 
 10 
[20] L.M. Jorgensen, F. Hauser, G. Cazzamali, M. Williamson, C.J. Grimmelikhuijzen, 244 
Molecular identification of the first SIFamide receptor. Biochem Biophys Res Commun. 245 
340 (2006) 696-701. 246 
[21] A. Krishnan, M.S. Almen, R. Fredriksson, H.B. Schioth, Remarkable similarities between 247 
the hemichordate (Saccoglossus kowalevskii) and vertebrate GPCR repertoire. Gene (2013). 248 
[22] K.W. Li, Z. el Filali, F.A. Van Golen, W.P. Geraerts, Identification of a novel amide peptide, 249 
GLTPNMNSLFF-NH2, involved in the control of vas deferens motility in Lymnaea 250 
stagnalis. Eur J Biochem. 229 (1995) 70-72. 251 
[23] Q.Y. Liu, X.M. Guan, W.J. Martin, T.P. McDonald, M.K. Clements, Q.P. Jiang, et al., 252 
Identification and characterization of novel mammalian neuropeptide FF-like peptides that 253 
attenuate morphine-induced antinociception. J Biol Chem. 276 (2001) 36961-36969. 254 
[24] R. Melarange, M.R. Elphick, Comparative analysis of nitric oxide and SALMFamide 255 
neuropeptides as general muscle relaxants in starfish. J Exp Biol. 206 (2003) 893-899. 256 
[25] R. Melarange, D.J. Potton, M.C. Thorndyke, M.R. Elphick, SALMFamide neuropeptides 257 
cause relaxation and eversion of the cardiac stomach in starfish. Proc Biol Sci. 266 (1999) 258 
1785-1789. 259 
[26] O. Mirabeau, J.S. Joly, Molecular evolution of peptidergic signaling systems in bilaterians. 260 
Proc Natl Acad Sci U S A. 110 (2013) E2028-2037. 261 
[27] M. Mita, H. Oka, M.C. Thorndyke, Y. Shibata, M. Yoshikuni, Y. Nagahama, Inhibitory 262 
effect of a SALMFamide neuropeptide on secretion of gonad-stimulating substance from 263 
radial nerves in the starfish Asterina pectinifera. Zoolog Sci. 21 (2004) 299-303. 264 
[28] M. Mita, M. Yoshikuni, K. Ohno, Y. Shibata, B. Paul-Prasanth, S. Pitchayawasin, et al., A 265 
relaxin-like peptide purified from radial nerves induces oocyte maturation and ovulation in 266 
the starfish, Asterina pectinifera. Proc Natl Acad Sci U S A. 106 (2009) 9507-9512. 267 
[29] C. Mollereau, H. Mazarguil, D. Marcus, I. Quelven, M. Kotani, V. Lannoy, et al., 268 
Pharmacological characterization of human NPFF(1) and NPFF(2) receptors expressed in 269 
CHO cells by using NPY Y(1) receptor antagonists. Eur J Pharmacol. 451 (2002) 245-256. 270 
[30] S.J. Newman, M.R. Elphick, M.C. Thorndyke, Tissue distribution of the SALMFamide 271 
neuropeptides S1 and S2 in the starfish Asterias rubens using novel monoclonal and 272 
polyclonal antibodies. 2. Digestive system. Proc Biol Sci. 261 (1995) 187-192. 273 
[31] S.J. Newman, M.R. Elphick, M.C. Thorndyke, Tissue distribution of the SALMFamide 274 
neuropeptides S1 and S2 in the starfish Asterias rubens using novel monoclonal and 275 
polyclonal antibodies. I. Nervous and locomotory systems. Proc Biol Sci. 261 (1995) 139-276 
145. 277 
[32] S.J. Perry, E.Y.K. Huang, D. Cronk, J. Bagust, R. Sharma, R.J. Walker, et al., A human 278 
gene encoding morphine modulating peptides related to NPFF and FMRFamide. Febs Lett. 279 
409 (1997) 426-430. 280 
[33] N.H. Putnam, T. Butts, D.E. Ferrier, R.F. Furlong, U. Hellsten, T. Kawashima, et al., The 281 
amphioxus genome and the evolution of the chordate karyotype. Nature. 453 (2008) 1064-282 
1071. 283 
[34] M.L. Rowe, M.R. Elphick, The neuropeptide transcriptome of a model echinoderm, the sea 284 
urchin Strongylocentrotus purpuratus. Gen Comp Endocrinol. 179 (2012) 331-344. 285 
[35] H. Satake, M. Hisada, T. Kawada, H. Minakata, K. Ukena, K. Tsutsui, Characterization of a 286 
cDNA encoding a novel avian hypothalamic neuropeptide exerting an inhibitory effect on 287 
gonadotropin release. Biochem J. 354 (2001) 379-385. 288 
[36] S. Terhzaz, P. Rosay, S.F. Goodwin, J.A. Veenstra, The neuropeptide SIFamide modulates 289 
sexual behavior in Drosophila. Biochem Biophys Res Commun. 352 (2007) 305-310. 290 
[37] K. Tsutsui, E. Saigoh, K. Ukena, H. Teranishi, Y. Fujisawa, M. Kikuchi, et al., A novel 291 
avian hypothalamic peptide inhibiting gonadotropin release. Biochem Biophys Res 292 
Commun. 275 (2000) 661-667. 293 
 11 
[38] T. Ubuka, K. Morgan, A.J. Pawson, T. Osugi, V.S. Chowdhury, H. Minakata, et al., 294 
Identification of human GnIH homologs, RFRP-1 and RFRP-3, and the cognate receptor, 295 
GPR147 in the human hypothalamic pituitary axis. PLoS One. 4 (2009) e8400. 296 
[39] T. Ubuka, Y.L. Son, G.E. Bentley, R.P. Millar, K. Tsutsui, Gonadotropin-inhibitory 297 
hormone (GnIH), GnIH receptor and cell signaling. Gen Comp Endocrinol (2013). 298 
[40] R.E. Van Kesteren, A.B. Smit, R.P. De Lange, K.S. Kits, F.A. Van Golen, R.C. Van Der 299 
Schors, et al., Structural and functional evolution of the vasopressin/oxytocin superfamily: 300 
vasopressin-related conopressin is the only member present in Lymnaea, and is involved in 301 
the control of sexual behavior. J Neurosci. 15 (1995) 5989-5998. 302 
[41] J.A. Veenstra, Neurohormones and neuropeptides encoded by the genome of Lottia gigantea, 303 
with reference to other mollusks and insects. Gen Comp Endocrinol. 167 (2010) 86-103. 304 
[42] J.A. Veenstra, Neuropeptide evolution: neurohormones and neuropeptides predicted from 305 
the genomes of Capitella teleta and Helobdella robusta. Gen Comp Endocrinol. 171 (2011) 306 
160-175. 307 
[43] F.S. Vilim, A.A. Aarnisalo, M.L. Nieminen, M. Lintunen, K. Karlstedt, V.K. Kontinen, et 308 
al., Gene for pain modulatory neuropeptide NPFF: induction in spinal cord by noxious 309 
stimuli. Mol Pharmacol. 55 (1999) 804-811. 310 
[44] H.Y. Yang, W. Fratta, E.A. Majane, E. Costa, Isolation, sequencing, synthesis, and 311 
pharmacological characterization of two brain neuropeptides that modulate the action of 312 
morphine. Proc Natl Acad Sci U S A. 82 (1985) 7757-7761. 313 
[45] A. Yasuda, Y. Yasuda-Kamatani, M. Nozaki, T. Nakajima, Identification of 314 
GYRKPPFNGSIFamide (crustacean-SIFamide) in the crayfish Procambarus clarkii by 315 
topological mass spectrometry analysis. Gen Comp Endocrinol. 135 (2004) 391-400. 316 
[46] G. Zhang, X. Fang, X. Guo, L. Li, R. Luo, F. Xu, et al., The oyster genome reveals stress 317 
adaptation and complexity of shell formation. Nature. 490 (2012) 49-54. 318 
 319 
  320 
 12 
Figure Legend 321 
 322 
Fig. 1. Phylogenetic C-terminal alignment of vertebrate PxRFamide-type neuropeptides and 323 
protostomian SIFamide-type neuropeptides with cephalochordate PxRFamides/LRFamides and 324 
echinoderm SALMFamides reveals structural similarities (underlined) indicative of a common 325 
evolutionary ancestry. A key feature is the C-terminal SxLxFamide motif that characterises L-type 326 
SALMFamides in echinoderms. This motif, or elements of it, are apparent in several chordate 327 
PxRFamides/LRFamides and protostomian SIFamide-type neuropeptides. Another recurring feature 328 
is the presence of a proline (P) residue in the N-terminal region of the peptides. The D and P denote 329 
deuterostome and protostome clades, respectively. The brackets on the right group peptides derived 330 
from the same precursor protein. Abbreviations: Hs, Homo sapiens; Bf, Branchiostoma floridae 331 
(amphioxus or lancelet); Pm, Patiria miniata (starfish); Lg, Lottia gigantea (limpet); Cg, 332 
Crassostrea gigas (oyster); Ct, Capitella teleta (polychaete); Ce, Caenorhabditis elegans; Pc, 333 
Procambarus clarkii (crayfish); Dm, Drosophila melanogaster. References: Hs, [17, 32]; Bf, [26, 334 
33]; Pm, [7]; Lg, [26, 41]; Cg, [26, 46]; Ct, [26, 42]; Ce, [26]; Pc, [45]; Dm, [3, 16]. 335 
Hs GnIH             MPHSFANLPLRFa
Hs RFRP3                VPNLPQRFa
Hs NPFF             FLFQPQRFa
Hs NPAF       AGEGLNSQFWSLAAPQRFa

Bf PRFa            WFISRDRQRMPRFa
Bf LRFa1           FGRTSPYQPNLRFa
Bf LRFa2              LDPARPALRFa
Bf LRFa3              FDPAQPTLRFa
Bf LRFa4             SLDPNEPSLRFa
Bf LRFa5             SFDPSEPSLRFa
Bf LRFa6              YDPFEPTLRFa
Bf YRFa              QVDPSAPAYRFa
Bf LRFa7              HNPAKPSLRFa   
Bf PxRFa1          AAAASLFRPPNRFa
Bf PxRFa2           SPAVWLDSPNRFa
Bf PxRFa3         SARFSVPFDIPRRFa
Bf PxRFa4           GFSLDSDVPRRFa
Bf PxRFa5          SWSMLSFQRPFRFa 

Pm SALMFa1a        PAGSPVFHSALTYa
Pm SALMFa1b             AFHSALPFa
Pm SALMFa1c             GLHSALPFa
Pm SALMFa1              GFNSALMFa
Pm SALMFa1d              IHTALPFa
Pm SALMFa1e             GYHSALPFa
Pm SALMFa1f             GYHTGLPFa
Pm SALMFa2a DVSDRQREIDLAAQQPFYPYa
Pm SALMFa2b         TDVPGRPSGFVFa
Pm SALMFa2       SNGPYSMSGLRSLTFa
Pm SALMFa2c            ADLFRSYAFa
Pm SALMFa2d             ALGSNFAFa
Pm SALMFa2e              GYSSFDFa
Pm SALMFa2f            AGLGSSFTFa
Pm SALMFa2g             ALGSSFSFa
Pm SALMFa2h             SGLSSFTFa

Lg SIFa1.1            QVPVANPLLFa
Lg SIFa1.2           GINPDMSSLFFa
Lg SIFa2.1        QSARGNGRQRPQLFa
Lg SIFa2.2          HGVRPGMNGLVFa
Cg SIFa1           GLTRLVGQQPLLFa
Cg SIFa2             GMNPNMNSLFFa

Ct SIFa1         DPLEDHLPETSGLFFa
Ct SIFa2             SSHPNMNNLLFa
 
Ce SIFa1               AIPFNGGMYa  
Ce SIFa2              STMPFSGGMYa
Ce SIFa3              AAIPFSGGMYa
Ce SIFa4              GAMPFSGGMYa
 
Pc SIFa             GYRKPPFNGSIFa
Dm SIFa             AYRKPPFNGSIFa
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